Near-field electrohydrodynamic jet (E-jet) printing has recently gained significant interest within the manufacturing research community because of its ability to produce micro/ submicron-scale droplets using a wide variety of inks and substrates. However, the process currently operates in open-loop and as a result suffers from unpredictable printing quality. The use of physics-based, control-oriented process models is expected to enable closed-loop control of this printing technique. The objective of this research is to perform a fundamental study of the substrate-side droplet shape-evolution in near-field E-jet printing and to develop a physics-based model of the same that links input parameters such as voltage magnitude and ink properties to the height and diameter of the printed droplet. In order to achieve this objective, a synchronized high-speed imaging and substrate-side current-detection system is implemented to enable a correlation between the droplet shape parameters and the measured current signal. The experimental data reveals characteristic process signatures and droplet spreading regimes. The results of these studies served as the basis for a model that uses the measured current signal as its input to predict the final droplet diameter and height. A unique scaling factor based on the measured current signal is used in this model instead of relying on empirical scaling laws found in prior E-jet literature. For each of the three inks tested in this study, the average error in the model predictions is under 10% for both the diameter and the height of the steady-state droplet. While printing under nonconducive ambient conditions of low relative humidity and high temperature, the use of the environmental correction factor in the model is seen to result in a 17% reduction in the model prediction error.
Introduction
The near-field E-jet printing process has recently gained significant interest within the manufacturing research community because of its ability to produce micro/submicron-scale droplets using a wide variety of inks and substrates [1] [2] [3] [4] [5] [6] [7] [8] . This process uses electric fields to create fluid-flows through micro-capillary nozzles to deliver ink onto the substrate in the form of a charged micro-jet. The feasibility of using a wide variety of inks and substrates along with its ability to produce micro/submicron-scale droplets makes this process an ideal candidate for a multibillion dollar industry that includes applications such as printed electronics, biosensors, and medical implants. However, the process suffers from unpredictable printing quality, which has hindered its acceptance as a reliable micro-scale manufacturing technology [6, 7] .
The precision of the near-field E-jet printing process can be improved by implementing suitable closed-loop control strategies. While the substrate-side current signal obtained during the droplet deposition process can serve as the feedback signal, this signal has an extremely short duration of 10-500 ls [6, 7] . This makes the extraction of information for implementing closed-loop control very difficult without the use of physics-based models that can predict the substrate-side shape-evolution of the droplet. Unlike the well-studied far-field E-jet printing process [9, 10] where a macro-scale jet first breaks down into a stream of droplets before hitting the substrate, here the problem is that of a microscale jet directly transforming into a micro-droplet upon its impact on the substrate. Currently, there is a lack of fundamental studies related to the near-field E-jet process. Furthermore, there is a lack of droplet shape-prediction models based on fast current measurements that can be used for closed-loop process control.
The objective of this research is to perform a fundamental study of the substrate-side droplet shape-evolution in near-field E-jet printing and to develop a physics-based model that links input parameters such as applied voltage magnitude and ink properties to the height and diameter of the printed droplet. In order to achieve this objective, a synchronized high-speed imaging and substrate-side current-detection system was implemented to enable a correlation between the droplet shape parameters and the current signal. The experimental results from these studies were then used as the basis to develop a modeling framework to predict the final shape of the droplet as a function of the applied voltage.
The remainder of the paper is organized as follows. Section 2 describes the experimental setup and tests. Section 3 presents an analysis of the results. This is followed by Sec. 4 that discusses the proposed model-based closed-loop control paradigm for nearfield E-jet printing. The overall modeling framework is then presented in Sec. 5, for predicting the steady-state droplet diameter and height as a function of the applied voltage. Section 5 also presents the model calibration and the validation results for different inks and printing conditions. Finally, Sec. 6 presents the specific conclusions that could be drawn from this study.
2 Experimental Testbed 2.1 System Setup. Figure 1 depicts the schematic lay-out of the near-field E-jet printing setup that was used in this study. The basic elements include an ink chamber, platinum-coated glass nozzle, substrate, and positioning system. The controllable printing process parameters are the back pressure (pneumatic) applied to the ink chamber, the gap-height between the nozzle and substrate, and the applied voltage between the nozzle tip and goldcoated glass substrate. In addition to the above components, a CORDIN TM 530 high-speed camera and Olympus TM microscope combination was used to view the formation of the micro-jet and its subsequent transformation into a micro-droplet. A triggering system was also implemented to synchronize the firing of the micro-jet with the collection of the high-speed images and the substrate-side current signal.
Experimental
Conditions. The studies were done using a nozzle of 30 lm inner diameter that was offset 200 lm from the substrate surface. The three inks used were mixtures of phosphate buffer solution (PBS-to vary the electrical conductivity) and glycerol (to vary the viscosity). The use of this mixture allowed the conductivity and viscosity of the inks to be independently adjusted while still maintaining a fairly constant surface tension value. The minimum printing threshold voltage, i.e., the lowest voltage value at which a droplet is deposited, is different for each of these inks. This threshold value was determined by starting with a sufficiently low voltage and increasing it in 10 V increments until the onset of jetting was detected using the current detector and the high speed camera. Table 1 lists the properties of the three inks used in this study along with their minimum threshold voltage values and the temperature and humidity conditions during the test. It should be noted here that these low temperature (18 C) and high humidity (75%) values are conducive for printing as they minimize droplet evaporation.
For each of the inks, the printing studies were carried out at 10 V increments past their respective minimum printing threshold values until the voltage resulted in jetting rates that were faster than the ability of the high-speed camera triggering system to capture the deposition of a single droplet. Three droplets were printed for each of the voltage conditions. During the printing process, the droplet formation was studied using the high-speed camera system, the substrate-side current signal was analyzed, and the final steady-state droplet dimensions were recorded.
Experimental Results

Trends in Process Monitoring Signals and Printing
Outcomes. Figure 2 depicts an image that correlates the impingement of the micro-jet (accompanied by the spreading of the micro-droplet) to the substrate-side current signal for ink 2 at a voltage of 850 V. As seen in the figure, there is a direct correlation between the duration of the current spike and the deposition of the droplet. Based on the characteristics of the current signal, the progression of jetting, and the subsequent micro-droplet deposition, the time-line of printing can be divided into three distinct regions. Region 1 is defined as the time-period from the start of jetting until the detection of the peak current value. It is in this region that the jet increases in diameter until the maximum flow rate is reached. Region 2 is defined as the time-period from the detection of the peak-current until the time that the charge on the Transactions of the ASME micro-droplet has fully dissipated and the current reaches a value of zero. In this region, the jet gradually shrinks in diameter until it retracts entirely. Once the current spike reverts back to zero, additional spreading of the droplet was seen to occur in region 3 that finally resulted in the steady-state droplet diameter and height after 2 min. The diameter and the height of the droplet at the end of region 3 are the critical dimensions of interest for closed-loop process control for the near-field E-jet printing process.
In order to quantify the signal characteristics, the measured current data were analyzed to understand the variation of the total dissipated charge, the time durations of regions 1 and 2 and the average current value detected by the sensor. In addition to these process monitoring signal trends, the printing outcomes, i.e., the steady-state droplet diameter and height measurements, were also quantified from the high-speed camera images. Figures 3(a)-3(f) present the overview of these trends obtained from the experiments.
Figure 3(a) shows the effect of the applied voltage on the total charge dissipated by the droplet, which is obtained by integrating the current signal over the total jetting time. It should be noted here that this charge dissipated by the droplet is also the total charge carried by the jet as it ejects out of the nozzle. As a function of increasing voltage, the charge appears to stay relatively constant for inks 1 and 3, whereas it decreases with increasing voltage for ink 2. In addition, the total dissipated charge appears to be comparable for inks 1 and 3 but tends to be higher for ink 2.
The properties of the inks listed in Table 1 reveal that inks 1 and 2 are comparable in viscosity, whereas their electrical conductivities are substantially different, with ink 2 having the higher electrical conductivity. Inks 2 and 3 are comparable in their electrical conductivity, whereas their viscosities are different, with ink 3 having the highest viscosity value amongst all the inks. With the surface tension of the inks being the same, the formation of the Taylor cone jet is characterized by the competition between the viscous forces and the electrical forces at the tip of the nozzle [10] [11] [12] [13] [14] [15] . When comparing inks 1 and 2, it appears that for the low viscosity inks, increasing the conductivity of the ink increases the total ejected charge. In the case of the high viscosity ink 3, which also has a high electrical conductivity value, these effects appear to cancel out resulting in more or less the same dissipated charge as ink 1. Ink 3 on the other hand has a distinctly different behavior. This implies that rather than electrical conductivity, it is the viscosity of the ink that has a greater influence on the ejection of the jet on the nozzle-side. For the lower viscosity inks (inks 1 and 2), an increase in voltage results in a decrease in the time duration of region 1, whereas for ink 3 with a higher viscosity, the time duration of the jet deposition is seen to increase with voltage. This is likely because the higher viscosity of ink 3 does not allow the jet to break up as easily once it exits the nozzle and lands on the substrate.
In region 2 ( Fig. 3(c) ), which is the region where the jet breaks off and the droplet dissipates all its charge, the time duration trends for the inks appear to be a function of the total charge carried by the jet and the electrical conductivity. For low viscosity inks 1 and 2, the general trend appears to be a decrease in the time duration of region 2 with an increase in voltage, with ink 2 taking a longer time to dissipate the charge. This is expected because while ink 2 has the highest conductivity, it also happens to carry the highest amount of charge (Fig. 3(a) ). For ink 3, the dissipation time increases with an increase in voltage, which is similar to the trend seen in Fig. 3(a) . Figure 3 (d) depicts the trends seen in the average current magnitudes for each of the inks under the same operating conditions. As expected, the higher conductivity inks 2 and 3 show a higher average current than ink 1. Between inks 2 and 3, ink 2, which has a lower viscosity, appears to show a higher average current than ink 3. Based on the analysis of Figs. 3(a)-3(d), it appears that an ink with low viscosity and high electrical conductivity will result in a current signal with the highest charge and also the longest duration. Therefore, as the current sensor is being used to provide the measurement signal for the printing process, it may be the most sensitive for ink 2 as opposed to the other inks.
Figures 3(e) and 3(f) depict the trends for the diameter and height of the droplet for each of the inks as a function of voltage. For most of the cases, both the droplet diameter and height tend to decrease with an increase in voltage. This corresponds to a decrease in the volume of material deposited as the voltage is increased. ink 1, which has a lower electrical conductivity, produced droplets with a larger height and diameter than inks 2 and 3. Inks 2 and 3 have similar conductivities as well as comparable droplet sizes.
3.2 Time-Evolution of the Droplet Volume and Size. While the trends seen in Figs. 3(e) and 3(f) are based on the steady-state diameter and height of the droplet after printing, an analysis of the high-speed images is expected to reveal more about the underlying physics of the near-field E-jet printing process. Figures 4(a)-4(i) depict the time-evolution plots for the volume, diameter, and height of the droplets formed for each of the inks. It should be noted that these figures are plotted on a log-log scale and that the characteristic regions 1-3 are indicated using dotted lines on each of the plots. For each of the inks, the plots are done for three representative voltages that are 10, 20, and 30 V higher than the respective threshold voltages for each of the inks (identified in Table 1 ).
Figures 4(a)-4(c) show the time-evolution of the volume of the droplet for each of the inks. In region 1, the volume shows a near-linear rise on the log-log plot thereby implying that the volume deposited on the substrate is geometrically increasing with time. For each of the inks, this region of jetting appears to be when the maximum mass transfer occurs between the nozzle and the substrate. While the slope of the volume variation line in region 1 shows some fluctuations as a function of voltage, the trends are not conclusive. In region 2, the mass transfer from the nozzle to the substrate appears to plateau given that the jet has started to recede. In region 3, the droplet volume appears to be conserved for all the inks indicating that there are no evaporative effects.
Figures 4(d) and 4(f) and Figs. 4(g)-4(i) depict the timeevolution of the droplet diameter and the height, respectively, for each of the inks. In region 1, as expected, the droplet height and diameter both show a near-geometric increase. This increasing trend more or less plateaus in region 2. At the end of the time duration of region 3, the droplet diameter shows a significant increase indicating that there is spreading that happens before the droplet reaches its steady-state diameter. The spreading of the droplet results in diameters that are nearly 2-3 times the droplet diameters seen in region 2. Since the volume is conserved for all the inks, the height of the droplet shows a significant decrease at the end of region 3. Thus, after deposition, the droplet appears to become shorter in height while spreading and increasing in diameter.
4 Closed-Loop Control Paradigm for Near-Field E-Jet Printing Figure 5 (a) shows the existing control paradigm for the nearfield E-jet printing process. As seen in Fig. 5 (a), this existing paradigm relies on high-speed images to identify the dimensions of the printed droplet. This information is then combined with the user experience to adjust the voltage input in order to induce the desired changes in the droplet dimensions. It should be noted here that, while the substrate-side current signal is measured, it is only used to confirm the deposition of the droplet on the substrate and Transactions of the ASME droplet frequency and not for the control of any droplet characteristics [6, 7] . This use of cameras for feedback control does not lend itself to the implementation of "on-the-fly" changes in voltage magnitudes to affect the process outcomes. As a result, closed-loop control strategies for high-speed printing are not currently possible for this process. Furthermore, the process relies on user experience that is not repeatable. Figure 5 (b) shows the closed-loop control paradigm being envisioned to enable high-speed printing using the near-field E-jet process. As shown in Fig. 5(b) , the approach relies on the substrate-side current signal to not only confirm the deposition of the droplet on the substrate but rather on using that signal as an input to a physics-based, control-oriented process planning model. This model uses the signature of the measured current signal inconjunction with other process variables such as ink properties and operating conditions to predict the steady-state height and diameter of the printed droplet. Thus, the model is used to provide "sight" to the process without the use of cameras. These predicted droplet height and diameter values can then be compared to a model prediction-based look-up table in order to incorporate the voltage correction that is needed to achieve the desired droplet dimensions. The proposed control strategy will enable high-speed, on-the-fly correction of voltage patterns to enable desired droplet diameters and heights. Currently, there are no such physics-based process-planning models existing in the literature for the nearfield E-jet printing process.
Modeling Steady State Droplet Shape Parameters as a Function of Applied Voltage
The primary goal of the modeling effort is to be able to predict the steady-state diameter and height of a droplet printed using the near-field E-jet process as a function of the applied voltage magnitude, the ink properties, and the operating conditions. The following assumptions are made for developing such a physics-based control-oriented modeling frame work:
• Assumption 1: For implementing a closed-loop control strategy for the E-jet process, the time-evolution of the droplet shape in regions 1 and 2 ( Fig. 2) is not critical. Instead, the height and diameter of interest are that which are observed at the end of region 3 (Fig. 4) . Therefore, the time-evolution of the droplet will not be the primary focus of the modeling efforts. Instead, an experimentally calibrated semiempirical model that lends itself to on-the-fly process monitoring and control will be developed.
• Assumption 2: Jet ejection and its subsequent transport to the substrate will be decoupled for the purposes of modeling, the assumption being that the jet is fully expelled from the tip of the nozzle before it hits the surface. This assumption allows for a simpler energy-based calculation that is implementable for closed-loop control strategies, at the loss of temporal resolution of the droplet shape in regions 1 and 2 (Fig. 4 ).
• Assumption 3: Droplet volume is conserved during the printing process. The evidence of this exists from the results shown in Fig. 4 .
• Assumption 4: The model would be limited to the case of a single droplet deposition on a stationary substrate for a given voltage value. Droplet-on-droplet printing scenarios will not be modeled.
• Assumption 5: The model will be calibrated for two extreme values of voltages and the model will be used for predictions only between those voltage limits. The calibration factors are expected to capture the effects of printing conditions, such as humidity and temperature, which are not explicitly modeled. Therefore, any change in the environmental factors will warrant a recalibration for the ink in question.
The reminder of this section describes the overall modeling approach, the details of the model including its calibration and validation, and finally, the predictive capabilities of the model under nonconducive environmental conditions. Figure 6 illustrates the overall approach taken towards modeling the droplet height and diameter as a function of the operating voltage. Based on the controloriented modeling framework and the assumptions outlined in the earlier section, the model development is broken down into three phases, viz., jet ejection (phase 1), jet transport (phase 2), and jet impact (phase 3). It should be noted that the modeling phases 1 and 2, when combined, form the experimental region 1 in Fig. 2 , whereas the modeling phase 3 combines the phenomenon in regions 2 and 3 of the experiment (in Fig. 2 ). As seen in Fig. 6 , the modeling effort starts in phase 1 where the jet ejection on the nozzle-side is modeled. The goal here is to model the time duration of ejection as a function of the mass/volume of liquid ejected at a particular voltage and to determine the amount of charge carried by that volume of liquid. As a result, parallel calculations for the mass and charge ejection are needed for this phase. The charge ejection calculation will map the amount of charge ejected as a function of the mass/volume of a particular ink ejected from the nozzle. The mass ejection calculation will enable the correlation between the time of ejection and the volume/mass flow of the ejection. Since the near-field E-jet process parameters are affected by a host of environmental conditions such as temperature, humidity, and surface energy variations, these models will rely on experimentally calibrated factors to enable accurate prediction. The factors will be calibrated for the two extreme operational voltages for the ink. A suitable interpolation scheme will then be used to interpolate the calibration factors for intermediate voltage values.
Modeling Approach.
The phase 2 jet transport model deals with the calculation of the surface energy and the kinetic energy of the jet as it gets transported through the surrounding medium before hitting the substrate. This model uses the substrate current signal as an input to determine the actual time duration of the charge/mass ejection. Based on this input, the velocity of the jet and the effective jet length is calculated.
The final phase 3 of the model deals with jet impact and the prediction of the steady-state droplet diameter and height. First, a droplet shape parameterization scheme is developed that captures the shape of the final droplet. Using energy balance and volume balance equations, the final droplet diameter and height are then obtained for a particular applied voltage.
Model Development
Phase 1: Jet Ejection.
Modeling the ejection of a fluid from the tip of a nozzle using the electrohydrodynamic force is a well-studied problem as part of the literature in the macro-scale electrospray domain [10] [11] [12] [13] [14] [15] [16] . For the case of the near-field E-jet printing process, though the size scale of the ejection is significantly smaller than the ones modeled in literature, the principle of the formation of the Taylor cone and its subsequent breakdown to form a jet has been seen to hold true [1] . Figure 7 outlines this overall process. First, an increase in the applied voltage results in the deformation of the meniscus into a conical shape (known as a Taylor cone). As the meniscus of the liquid continues to grow under the action of the applied voltage, the surface charge reaches a limit known as the Rayleigh charge limit at which point the meniscus becomes unstable and ejects the jet. Once enough mass/ volume of the liquid and charge has been ejected from the meniscus, the jet breaks and the meniscus retracts to restore the force balance.
The macro-scale electrohydrodynamic jet process has been well studied and successfully modeled as a function of process conditions [10] [11] [12] [13] [14] [15] [16] . These models are calibrated and validated by using flow-rate measurements that are easier to perform at the macroscale [10] [11] [12] [13] [14] [15] [16] . While the operating principles remain the same for the near-field E-jet printing process, there are size scale-related challenges that need to be considered while developing controloriented process models. These challenges include:
• Given the extremely small volume of liquid deposited, it is difficult to measure the flow rates using a metering device attached to the nozzle. This necessitates indirect estimation of the flow rates and a suitable calibration approach for estimating the model constants for phase 1 jet ejection calculations (Fig. 6 ).
• The model constants should account for charge variations within the liquid and the variations in the surface energies while printing under different conditions, since this affects the nature of the substrate-side current signal.
• While the droplet dimensions can be measured at steady-state using a microscope, measuring the diameter of the jet during ejection is challenging given the small diameter of the jet (hundreds of nanometers) and the micro-second time-scales involved in jetting. The jet diameter will therefore have to be estimated indirectly for phase 1 jet ejection calculations (Fig. 6 ).
For every droplet deposition process, the only measurable quantities are the duration and the profile of the current signal. For implementing a control-oriented process model this current signal should be linked to the flow rate and volume of liquid deposited through physics-based models that have experimentally calibrated factors.
The volume of the liquid ejected from a Taylor cone, Vol jet , has been established to be a function of the diameter of the nozzle and the diameter of the jet [17] , i.e.,
where d n is the inner diameter of the nozzle and d jet is the diameter of the jet. Similarly, the flow rate, Q jet , ejected from a Taylor cone is given by [18] 
where q is the ink density, r is the ink surface tension, e 0 is the permittivity of free space, and K is the electrical conductivity. Based on Eqs. (1) and (2), the time of jetting assuming uniform flow rate can be written as
where t jet is the time of jetting. While this relation connects the time of jetting to the diameter of the jet, a suitable constant of proportionality is needed that uses the information embedded in the measured current signal. This constant, defined as a V , was defined by De la Mora in order to relate the total ejected charge to the Rayleigh limit. De la Mora [19] noted that the total charge ejected by the Taylor cone should correspond to the Rayleigh limit, allowing the relation
where Dq is the total ejected charge from the meniscus, q R is the Rayleigh charge limit, and a V is a scaling factor that varies with the voltage and the printing conditions. In the absence of the feedback current signal, the prior work in the literature estimates the scaling factor (a V ) using empirical scaling laws [17, 19] . However, these scaling laws are not universal across different inks and voltage conditions and therefore have limited application to models Fig. 7 Stages of meniscus deformation [16] 021005-6 / Vol. 2, JUNE 2014 Transactions of the ASME developed for feedback control. With the incorporation of the feedback current signal into the printing setup, Dq can be calculated for each droplet by integrating the current signal over its time duration, and the Rayleigh charge limit ðq R Þ can be calculated using the known quantities of e 0; ; r, and d n . Thus, the droplet-specific scaling factor a V can be determined for a wide variety of inks and voltage conditions. Since the time of ejection is built into the charge estimation, a V is used as the constant of proportionality in Eq. (3) to estimate the diameter of the jet aŝ
It should be noted that Eq. (5) estimates the diameter of the jet purely based on the characteristics of the current signal and the other process parameters. Now that the diameter of the jet has been estimated, the volume and the flow-rate expressions (Eqs. (1) and (2)) are modified to estimate the volume and the flow-rate of ejection as follows:
where b V and c V are experimentally calibrated factors that vary with the voltage and the printing conditions. The accuracy of the volume and flow-rate estimations relies on the accuracy of estimating b V and c V for two main reasons. First, the error in the estimated diameter of the jet (d jet ) cannot be experimentally verified due to imaging challenges and second, the fact that it is difficult to use flow-metering devices attached to the tip of the nozzle to determine the actual flow rate and volume of liquid ejected. Section 5.3 will discuss the details of calibration procedure for b V and c V .
Phase 2:
Jet Transport. The key aspects of the jet transport phase that need to be modeled are the surface energy and the kinetic energy of the jet upon impact on the substrate. These energies dictate the final shape of the droplet on the substrate. As explained earlier in Sec. 5, the time-evolution of the droplet is not critical for the purposes of a control-oriented model that predicts the final steady-state diameter and height of the printed droplet. Therefore, rather than modeling the surface and kinetic energies as a function of time, they are calculated using the concept of an "equivalent jet."
The "equivalent jet" ejected from the nozzle is a jet with a diameter ofd jet and an effective length L, which is defined as the length of the cylindrical jet, if the entire jet was exposed before it landed on the substrate. It should be noted that L is a hypothetical length that allows for the calculation of the total surface energy of the jet. In reality, the height of the nozzle tip location from the substrate is smaller than this hypothetical length. The flow rate through the jet cross section allows calculation of the speed of impact as
where U is the average velocity of impact of the jet on to the substrate. The length of the "equivalent jet" can be found using the expression
The top of the jet is connected to the meniscus and the bottom of the jet is in contact with the substrate. Therefore, the calculation of the surface energy of the jet neglects the top and bottom circular areas of the above hypothetical cylinder. The surface energy of the jet (SE jet ) can be estimated as the surface energy of the "side" of the cylinder, i.e.,
The kinetic energy of the jet (KE jet ) can be calculated as
The total energy of the jet, E jet , is given by
5.2.3 Phase 3: Jet Impact-Droplet Shape Parameterization and Energy Balance. In order to accurately predict the droplet shape based on the surface energies, the droplet geometry needs to be parameterized. Figure 8(a) shows the top view (i.e., 90 deg viewing angle to the substrate) depicting the steady-state diameter of the droplet and Fig. 8(b) shows the side view, depicting the cross-sectional profile of the droplet including its height. As seen in Fig. 8(a) , the top view of the droplet reveals that the droplet is circular at its base. As a result, the base of the droplet can be modeled as a circle as shown in Fig. 8(c) . The side view of the droplet reveals that the droplet has a profile that can be captured using an offset ellipse with semimajor and semiminor axis as a and b, respectively (Fig. 8(d) ).
Based on the above observations, the three-dimensional droplet shape can be modeled as a spheroidal cap with semiaxis lengths of a, b, and a along the X, Y, and Z axes, respectively (Fig. 9) . These ellipsoidal semiaxis lengths can be found as [20] where h drop is the height of the droplet, d drop is the diameter of the droplet, and h is the contact angle of the droplet. The images in Figs. 8(a) and 8(b) confirm the spheroidal parameterization scheme for the droplet shape. The volume of a spheroidal cap is given by [20] 
where r is defined as
Substituting in the values for a and b, the droplet volume (V drop ) is given by
The semiaxis lengths a and b can be used to calculate the surface area of the ellipsoid cap (A 1 ) as
The area of the base of the droplet (A 2 ) can be described with a circle found as
The surface energy of a droplet deposited on the substrate (SE drop Þ can be found as
where the expressions for A 1 and A 2 contain the unknowns of the droplet height and diameter [20] . To predict the two unknown quantities, viz., the diameter of the droplet (d drop ) and the height (h drop Þ, the energy and the volume conservation equations are solved simultaneously. The energy balance equation can be written as
where E jet is the total energy of the jet (Eq. (12)), SE drop is the surface energy of the droplet (Eq. (20)), and W is the energy loss from viscous dissipation. Given the low velocities and volumes of ejection encountered in near-field E-jet printing, the contribution of W to the overall energy of the droplet is minimal (2-5%) and therefore neglected. The second equation is that of volume conservation given by
where Vol jet can be estimated from Eq. (6) and Vol drop is the volume of the steady-state droplet and can be calculated using Eq. (17) that contains the unknown quantities of the droplet height and diameter. Since Eqs. (21) and (22) contain expressions in terms of the two unknowns, d drop and h drop , they can be solved simultaneously to obtain the final droplet dimensions.
Model Calculation Stages.
The model calculations proceed in three distinct stages. The first stage involves calibration of the volume factor (b V , Eq. (6)) and the flow-rate factor (c V , Eq. (7)) for the range of the operating voltages. The second stage involves using these calibrated constants to predict the droplet diameter and height, by solving a series of equations related to the jet ejection, jet transport, and jet impact phases of the model (Sec. 5.2).
The third and final stage of the model calculation involves the use of an environmental correction factor (j V ) that accounts for the variation in the surface energies as a function of the humidity and temperature conditions. The use of this correction factor is particularly useful while printing in nonconducive printing conditions involving low humidity and/or relatively high temperature conditions. This section presents the details of each of these three stages of the model calculations. Table 2 depicts the values of b V and c V obtained for the extreme operating voltages for inks 1-3. At the end of this calibration step, for each given ink, the volume and the flow-rate factors can be estimated as a function of the operating voltage values.
Stage 2:
Predicting the Uncorrected Droplet Diameter and Height. Once the volume and flow-rate factors have been calibrated, the model can be used for predicting the diameter and height of the droplet. The overall calculation sequence proceeds as follows:
• Step 1: Calibrate the volume (b V ) and flow-rate (c V ) factors as described in Subsection 5.3.1 • Step 2: For any given voltage of operation between V min and V max , use the measured current signal to calculate the scaling factor a V and the time duration of the jet t j (Eqs. (4) and (5)). • Step 3: Using b V , c V , a V , and t j from steps 1 and 2, Eqs.
(5)- (7) can now be solved to yield the volume and flow rate of the liquid ejected from the nozzle. • Step 4: Equations (8)- (12) can now be solved, which provides the left hand side of Eq. (21). The diameter and height of the droplet can be computed by solving Eqs. (21) and (22), simultaneously.
Stage 3:
The Environmental Correction Factor (j V ). Experimental testing over a range of humidity and room temperature conditions revealed that the same ink when printed under different environmental conditions resulted in droplets with varying aspect ratios (i.e., height-to-diameter ratio). These environmental changes were seen to affect the accuracy of the mapping that exists between the estimated jet diameter (d jet from Eq. (5)) and the final droplet diameter and height obtained from solving Eqs. (21) and (22), simultaneously.
The easiest way to address this would be to measure the diameter of the jet that is ejected from the tip of the nozzle as a function of the environmental conditions. However, such an imaging application is quite challenging given the small diameter of the jet (hundreds of nanometers) and the microsecond time-scales that are involved in jetting. Furthermore, the use of such a high-speed imaging system would negate the premise of the closed-loop control-frame work described in Sec. 4. Therefore, a heuristic measure is applied by introducing a correction factor (j V ) that corrects for environmental changes.
For any given operation voltage, the environmental correction factor j V is defined as ratio of the aspect ratio (AR) of the droplet estimated from calibration experiments, to the corresponding aspect ratio of the droplet predicted by the model without correcting for environmental factors, i.e., j V ¼ Aspect ratio of the droplet ð from calibration experimentsÞ Aspect ratio of the droplet ðpredicted by uncorrected modelÞ
This environmental correction factor is applied to the model predictions using the following four steps: (8)- (12). Table 2 denotes the j V values calculated at the two extreme voltages for each of the inks 1-3.
Model Validation.
The model computations that predicted the diameter and the height of the droplet were done using MATLAB TM . With the use of a quad core processor at a clock rate of 4.4 GHz and 16 GB of RAM, the diameter and height computations for a single ink, over its entire range of input voltages took $10 s to complete. Table 3 depicts the comparison between the measured and the predicted values of the average droplet diameter and height, under various printing voltages, for each of the inks. The model predictions are presented both with and without applying the environmental correction factor. The experimental data presented in Table 3 are the same as that seen earlier in Figs. 3(e) and 3(f). It should be noted here that these printing experiments were performed under very conducive environmental conditions of 72% relative humidity and a room temperature of 18 C. Overall, it can be seen that the model predictions for the droplet diameter and the height are capable of tracking the trends seen in the experimental data quite well. As seen from the error values in Table 3 , without applying the environmental correction factor (j V ) the model predicts the diameter of the droplet with an average absolute error of 4.74%, 5.03%, and 2.91% for inks 1, 2, and 3, respectively. The corresponding errors on the height predictions are seen to have an average absolute error of 8.5%, 5.7%, and 15.6% for inks 1, 2, and 3, respectively.
With the application of the environmental correction factor, the average absolute errors in the prediction of the diameter are seen to drop to 3.88%, 4.6%, and 2.64% for inks 1, 2, and 3, respectively. The corresponding errors on the height predictions are seen to drop to 5.8%, 5.5%, and 10.58% for inks 1, 2, and 3, respectively. For each of the inks, there are specific voltages where high errors are observed. For example, ink 1 shows an error of À12.90% at a voltage of 810 V and ink 2 shows an error of 15.12% at a voltage of 860 V. These relatively high error values have to do with the variation in the experimental data corresponding to those voltages. If these outliers are neglected, the trends in the average error values indicate that the ink 2 with high conductivity and low viscosity is the ink with the lowest prediction errors. This can be explained by the fact that a higher electrical conductivity implies a greater sensitivity of the sensor in picking up the current signals. However, this advantage is lost when the viscosity of the inks is increased, as is seen in the increase in the error values for ink 3. Ink 1 appears to be the second best ink in terms of model predictions. The overall accuracy of the model is seen to be good for its application to closed-loop control strategies where the model predictions provide "sight" to the process without relying on a highspeed camera. It should be noted here that the model predictions capture the measured experimental data well because of the fact that the calculations of the scaling factor a V (Eq. (4)) are based on the substrate-side current-sensor data. This is unlike prior work in the E-jet domain that has relied on empirical scaling laws to estimate such constants [17, 19] .
Model Predictions
Under Nonconducive Printing Conditions of Low Humidity and High Temperature. The nearfield E-jet process is highly influenced by variations in the environmental conditions, particularly the relative humidity and temperature of the surroundings. Preliminary experiments revealed that the printing resolutions are highly stochastic during the winter season, when the room air is dry and warmer due to central heating. These variations in the printing resolution are caused by the change in the surface energy values, as a function of the environmental conditions.
In order to test the predictive capabilities of this validated model, a new ink 4 (properties listed in Table 4 ), was tested under nonconducive conditions of low relative humidity (39%) and a high room temperature of 22.8 C. These experiments were run by first finding the upper and lower thresholds for ink 4 and then jetting, in a random sequence at 10 V increments, within these bounds. The model was calibrated for the new ink (Table 4 ) and the measured droplet diameters and heights were compared to their model predictions ( Table 5) .
The results in Table 5 demonstrate the effectiveness of the environmental correction factor (j V ) in reducing the errors in the model predictions. Without applying the j V correction, the average errors in the predicted diameter and height are seen to be 28.8% and 30.8%, respectively. It has to be noted here that though the properties of ink 4 are very similar to those of ink 2, the model predictions are seen to have significantly higher error due to the variation in the environmental conditions. Upon application of the j V correction, these errors are seen to reduce to 10.35% and 12.5%, for the diameter and height predictions, respectively.
While the data in Table 5 indicate the average droplet dimensions at different voltages, Figs. 10(a) and 10(b) overlay the model predictions for the droplet diameter and the height based on 
Conclusion
The objective of this research is to perform a fundamental study of the substrate-side droplet shape-evolution in near-field E-jet printing and to develop a physics-based model of the same that links input parameters such as voltage magnitude and ink properties to the height and diameter of the printed droplet. The following specific conclusions can be drawn from this study:
(1) A synchronized high-speed imaging and current detection system was used to develop a correlation between droplet size evolution and the shape of the measured current signal. (2) The mapping of the current signal to the droplet spreading regimes identified three characteristic regions that have not been reported in prior literature.
• Region 1 is the time-period from the start of jetting until the detection of the peak current value. It is in this region that the jet increases in diameter until the maximum flow rate is reached.
• Region 2 is the time period from the detection of the peak-current until the time the charge on the microdroplet has fully dissipated and the current reaches a value of zero. In this region, the jet gradually shrinks in diameter until it retracts entirely. • Once the current spike reverts back to zero, additional spreading of the droplet was seen to occur in Region 3 that finally resulted in the steady-state droplet height and diameter.
(3) The time-evolution of the droplet diameter and height shows that the time duration of region 3 influences the final droplet dimensions the most. (4) The average current/total charge carried by the jet and the steady state diameter and height of the printed droplet are seen to be a function of the applied voltage and ink properties including viscosity, surface tension, and electrical conductivity. (5) A new closed-loop control paradigm was presented for the near-field E-jet process that uses the substrate-side current feedback signal to provide "sight" to the process. The experimental results were used as the basis to develop a control-oriented, physics-based model that would enable such a closed-loop control of the process. (6) The model consists of three phases, viz., jet ejection, jet transport, and jet impact. The constituent equations for each of the three phases were developed. They key characteristics of this model include:
• A unique scaling factor (a V ) that is defined based on the measured current signal. This is unlike prior work in literature that has relied on empirical scaling laws.
• A droplet shape parameterization scheme to estimate the surface energy of the droplet.
• Calibration procedures that allow the mapping of the voltage values to the volume factor (b V ), the flow-rate factor (c V ), and the environmental correction factor (j V ), present in the model. (7) The model predictions for the calibrated model were validated for three different inks under environmental conditions of 75% relative humidity and 18 C room temperature. The prediction errors were seen to be under 6% for the droplet diameter and under 10% for the droplet height. (8) The validated model was used to predict the droplet diameter and height for a new ink, under nonconducive conditions of low relative humidity (39%) and high temperature (22.8 C). Without the use of the environmental correction factor (j V ), the prediction error is seen to be $30% for both the droplet diameter and the height. The use of the environmental correction factor (j V ) dropped the prediction errors down by 17%. 
